Dendritic spines are actin-rich membrane protrusions that are the major sites of excitatory synaptic input in the mammalian brain, and their morphological plasticity provides structural basis for learning and memory. Here we report that endophilin A1, with a well-established role in clathrin-mediated synaptic vesicle endocytosis at the presynaptic terminal, also localizes to dendritic spines and is required for spine morphogenesis, synapse formation and synaptic function. We identify p140Cap, a regulator of cytoskeleton reorganization, as a downstream effector of endophilin A1 and demonstrate that disruption of their interaction impairs spine formation and maturation. Moreover, we demonstrate that knockdown of endophilin A1 or p140Cap impairs spine stabilization and synaptic function. We further show that endophilin A1 regulates the distribution of p140Cap and its downstream effector, the F-actin-binding protein cortactin as well as F-actin enrichment in dendritic spines. Together, these results reveal a novel function of postsynaptic endophilin A1 in spine morphogenesis, stabilization and synaptic function through the regulation of p140Cap.
Introduction
Dendritic spines are micron-sized postsynaptic structures emanating from neuronal dendrites that receive excitatory synaptic input in the brain. Changes in the shape, size and number of dendritic spines have been linked to synaptic plasticity, which provides structural basis for learning and memory [1] . During development, the shape of dendritic protrusions change from thin, elongated and highly motile filopodium-like structures to more stable stubby spines and mature into mushroom-shape spines with a distinct neck and head [2, 3] . Abnormal dendritic spine morphology and density has been linked to a number of neuropsychiatric diseases such as schizophrenia and autism spectrum disorders [4, 5] .
Regulation of actin dynamics by actin-nucleating and -depolymerizing factors plays a key role in dendritic spine morphogenesis and dynamics [6, 7] . Previous studies have established roles of the small GTPase Rif and its effector mDia2, Arp2/3 and ADF/cofilin in the processes of filopodia elongation, spine head expansion and maintenance of spine length and morphology, respectively [8] . However, our understanding of regulatory mechanisms underlying actin-dependent spine maturation and dynamics is still incomplete.
Endophilin A1 is a member of the evolutionarily conserved endophilin A family that is primarily expressed in the nervous system. Endophilin A was first identified as a binding partner for synaptojanin, a component of the endocytic machinery required for synaptic vesicle recycling [9, 10] . In mammals endophilin A is encoded by three genes [9, 10] . Both endophilin A2 and A3 interact npg www.cell-research.com | Cell Research with Arc/Arg3.1 to regulate endocytic trafficking of AM-PA-type glutamate receptors and synaptic plasticity [11, 12] . It was reported recently that although single knockout mice appear normal and fertile, double knockout of endophilin A1 and A2 or knockout of all three endophilins in mouse causes accumulation of clathrin-coated vesicles at the presynaptic site, indicating that they play redundant functions in vesicle uncoating after membrane fission [13] . Although a critical role of endophilin A1 in regulating synaptic vesicle endocytosis at the presynaptic terminal has been well established [14] [15] [16] [17] [18] [19] [20] [21] , its function at the postsynaptic site remains largely unexplored.
Previously we have found that endophilin A1 interacts with retrolinkin and mediates BDNF-TrkB endocytic trafficking and signaling during dendrite outgrowth [22] . In this study, we used genetic manipulations in combination with biochemical and cell biological approaches to investigate the role of endophilin A1 in dendritic spines. To avoid compensatory effects or functional redundancy of endophilin A2 and/or A3 when endophilin A1 activity is abolished, we depleted endophilin A1 by short hairpin RNA (shRNA)-mediated knockdown in primary cultured rat hippocampal and cortical neurons. We show that endophilin A1 interacts with p140Cap and that this interaction is required for spine morphogenesis and stabilization. Moreover, inhibition of the endophilin A1-p140Cap pathway causes a decrease in the levels of cortactin, an actin remodeling factor and p140Cap interaction partner, in dendritic spines. We propose that by modulating the distribution of cortactin in spines, endophilin A1 cooperates with p140Cap to regulate rearrangements of the actin cytoskeleton during spine formation and maturation, thereby promoting synapse formation.
Results

Endophilin A1 localizes in dendritic spines
It has been reported that endophilin A1 is mainly expressed at the presynaptic site [11] and plays a critical role in synaptic vesicle recycling via regulation of clathrin-mediated endocytosis [14] [15] [16] [17] [18] [19] [20] [21] . However, our previous study has demonstrated that endophilin A1 interacts with retrolinkin in dendrites of mammalian central nervous system neurons and mediates the endocytic trafficking and signaling of the BDNF-TrkB ligand-receptor complex during dendrite outgrowth [22] . To further explore its function(s) in dendrites, we first examined its expression levels in mouse brain at different developmental stages. Immunoblotting analysis revealed that expression of both endophilin A1 and endophilin B1, another member of the endophilin family, increased after birth and maintained at high levels in adult mice. In contrast, no increase in expression levels of endophilin A2 and A3 was detected throughout development ( Figure 1A ). These data suggest that endophilin A1 functions at the late stages of neurodevelopment, such as synapse maturation and neural circuitry formation. Next, to determine the subcellular distribution of endophilin A1 in dendrites, we performed immunofluorescence staining with antibodies to endophilin A1 in cultured hippocampal neurons transfected with red fluorescent protein (DsRed)-expressing construct. Confocal microscopy and structured illumination microscopy analyses indicated that the endophilin A1 clusters distributed to both dendritic shafts and spines ( Figure 1B and 1C) and some clusters were in close proximity to or partially colocalized with the postsynaptic density (PSD) structure labeled with antibodies to PSD95 ( Figure 1C, Supplementary information, Fig ure S1A and S1C, and Movie S1). Consistently, subcellular fractionation assays revealed that a significant amount of endophilin A1 was distributed in the PSD fraction ( Figure 1D ). Moreover, in agreement with previous reports [11] , immunogold labeling of ultrathin sections with antibodies to endophilin A1 detected its signals in the postsynaptic spines of mouse hippocampus ( Figure  1E ). Live imaging of hippocampal neurons also revealed distribution of a endophilin A1-GFP fusion protein (EE-NA1-LentiGFP) in both axon boutons and dendritic protrusions, with fluorescent signals in both tips of filopodia and mushroom-shaped spines ( Figure 1F ). These data prompted us to investigate whether endophilin A1 also functions in the postsynaptic compartment.
Endophilin A1 interacts with p140Cap via its SH3 domain in dendritic spines
To investigate function(s) of endophilin A1 in the postsynaptic compartment, we performed GST pull-down assay from mouse brain lysates using recombinant GSTtagged endophilin A1 to search for its interaction partners other than synaptojanin and retrolinkin. Mass spectrometry analysis of bound proteins showed that endophilin A1 not only interacted with synaptojanin and dynamin, components of the endocytic machinery [10, 13, 16] , but also with p130Cas-associated protein (p140Cap, also known as SNAP-25-interacting protein), a protein regulating cytoskeleton reorganization [23, 24] (Supplementary information, Figure S1D ). Co-immunoprecipitation (Co-IP) assay from HEK293 cells co-expressing Flag-tagged endophilins and Myc-tagged p140Cap revealed that both endophilin A1 and A3 interacted with p140Cap, whereas endophilin A2 and B1 weakly or hardly associated with p140Cap ( Figure 2A ). Similar results were obtained by Co-IP assay using mouse brain lysates ( Figure 2B ).
All members of the endophilin family contain a BAR npg www.cell-research.com | Cell Research domain and an SH3 domain that frequently interacts with proline-rich domains (PRDs) of other proteins ( Figure  2C ) [25] . We then determined which domain in endophilin A1 interacts with p140Cap. precipitated with Myc-p140Cap in transiently transfected HEK293 cells, whereas deletion of the SH3 domain (∆SH3) abolished binding of endophilin A1 to p140Cap ( Figure 2E and Supplementary information, Figure S1F ). Consistently, GST pull-down with endophilin A1 fused to GST showed that deletion of the SH3 (∆SH3), not the BAR domain (∆BAR), abolished their interaction and that the SH3 domain fragment could pull down p140Cap ( Figure 2D and Supplementary information, Figure  S1F ). Together, these data indicate that the SH3 domain of endophilin A1 binds to p140Cap. Next we determined the endophilin A1 interaction site in p140Cap by Co-IP and GST pull-down assays. Co-IP from HEK293 cells indicated that p140Cap full length and fragments (aa 1-1 051 and aa 351-1 051) containing both PRD1 and PRD2 could bind to endophilin A1, whereas PRD1 (aa 351-677), PRD2 (aa 841-1 051), the carboxyl terminus (aa 1 052-1 217, CT), ∆PRD1 (deletion of aa 351-677), ∆PRD2 (deletion of aa 869-1 051) and ∆PRD1 + ∆PRD2 (deletion of aa 351-677 and aa 869-1 051) could not ( Figure 2F , 2G and Supplementary information, Figure S1G ). Consistently, GST pull-down assay with endophilin A1 fused to GST also indicates that both PRD1 and PRD2 are required for the interaction of p140Cap with endophilin A1 ( Figure 2H ).
To further confirm the interaction, we performed double immunofluorescence staining of cultured hippocampal neurons after 21 days in vitro (DIV) with antibodies to endophilin A1 and p140Cap. Confocal microscopy analysis showed that endophilin A1 and p140Cap co-localized in dendritic spines in cultured hippocampal neurons (Supplementary information, Figure S1B and S1C).
Moreover, their colocalization in dendritic spines was verified by immunoelectron microscopy (immunoEM) analysis of mouse brain ultrathin sections ( Figure 2I ). Taken together, these results indicate that endophilin A1 interacts with p140Cap via its SH3 domain in dendritic spines.
Endophilin A1 in dendritic spines specifically regulates spine morphogenesis, synapse formation and function
It has been reported that p140Cap is tightly associated with cytoskeleton [23] and is enriched in the PSD fraction [26] ( Figure 1D ) and that p140Cap silencing causes a decrease in the number of spines and an increase in the number of filopodia [26] . To determine whether endophilin A1 also regulates spine morphology, we depleted endophilin A1 by shRNA-mediated RNA interference (RNAi) in cultured hippocampal neurons on DIV16-17, and monitored dendritic spine morphology by the fluorescence of co-expressed DsRed or GFP on DIV21. Immunoblotting and immunofluorescence staining analyses indicated that shRNA efficiently knocked down the expression of exogenous proteins in HEK293 cells as well as endogenous proteins in neurons (Supplementary information, Figure S2A -S2G).
Confocal microscopy analysis showed that silencing of endophilin A1 led to a decrease in the numbers of total protrusions and spines but an increase in the number of filopodia ( Figure 3A and 3B). In contrast, knockdown of other endophilins had no obvious effect on spine morphology ( Figure 3A and 3B) . Further, defects in spine morphogenesis were rescued by coexpression of RNAi-resistant endophilin A1 but not by coexpression of Figure S2A) .
A majority of excitatory synapses are formed at dendritic spines and changes in spine morphology are associated with differences at synaptic level. To determine role(s) of endophilins in excitatory synapse formation, we examined PSD95 puncta in dendrites which indicate the excitatory postsynaptic sites by immunostaining of dissociated hippocampal neurons after shRNA transfection. Confocal microscopy analysis indicated that silencing of endophilin A1 caused a decrease in the intensity of PSD95 in dendrites ( Figure 3C and Supplementary Endophilin A1 regulates spine morphogenesis through p140Cap information, Figure S2H ) and led to reduced number and area in PSD95 puncta in dendrites ( Figure 3C , Supplementary information, Figure S2I and S2J), especially the number of larger puncta (Supplementary information, Figure S2K ), indicating that the formation of postsynaptic sites is hampered in endophilin A1 knockdown neurons and the remaining postsynaptic sites are smaller than control. Consistently, defects in synapse formation were rescued by coexpression of RNAi-resistant endophilin A1 but not by coexpression of endophilin A2 or A3 ( Figure 3C and Supplementary information, Figure S2H -S2K). These data indicate that endophilin A1 specifically regulates spine morphogenesis and synapse formation.
To determine whether the functionality of endophilin A1-silenced neurons is changed, we performed electrophysiological analysis and found that the frequency but not the amplitude of miniature excitatory postsynaptic currents (mEPSCs) was reduced compared with control shRNA-expressing neurons ( Figure 3E -3H, Supplementary information, Figure S2L ), indicating a decrease in the number of functional synapses. This phenotype was rescued by overexpression of RNAi-resistant endophilin A1 ( Figure 3E -3H, Supplementary information, Figure  S2L ).
Endophilin A1 in dendritic spines regulates spine morphogenesis and synapse formation through binding to p140Cap
Knockdown of either p140Cap (see Supplementary information, Figure S3A -S3D for knock-down efficiency) or endophilin A1 resulted in similar phenotypes in spine morphology, characterized by an increased number in filopodia and a decreased number in spines, and filopodia growing from the existing spine head were also observed (Supplementary information, Figure S3E and S3F). Previously it was found that in addition to spine phenotype, p140Cap silencing also causes a reduction in the frequency but not amplitude of mEPSCs [27] , which is similar to the phenotypes caused by endophilin A1 silencing. That downregulation of either endophilin A1 or p140Cap causes similar phenotypes in spine morphology and neuronal function led us to speculate that these two proteins act in the same pathway to regulate spine morphogenesis.
To determine whether endophilin A1 regulates spine morphology and synapse formation through binding to p140Cap, we cotransfected cultured hippocampal neurons with constructs expressing endophilin A1-shRNA and RNAi-resistant endophilin A1, endophilin A1-∆SH3, or p140Cap. Overexpression of the p140Cap binding-deficient ∆SH3 mutant could not rescue the defects in spine morphology caused by endophilin A1 knockdown, whereas overexpression of p140Cap could fully rescue the defects ( Figure 4A and 4B). We also examined synapse formation by immunostaining of PSD95 and found that coexpression of the ∆SH3 mutant could not rescue the defects in the formation of post-synaptic sites caused by endophilin A1 knockdown, whereas overexpression of p140Cap could fully rescue the defects ( Figure 4A , 4C-4F). We further confirmed the regulation of synapse control neurons, whereas overexpression of p140Cap could fully rescue the defects ( Figure 4G-4I ). Taken together, these results indicate that the interaction between endophilin A1 and p140Cap is required for the regulatory function of endophilin A1 in spine morphogenesis and synapse formation.
To determine whether p140Cap acts downstream of endophilin A1 in spine morphogenesis and synapse formation, we investigated the rescue effects of endophilin A1 on spine morphogenesis and synapse formation in p140Cap-silenced neurons. Although overexpression of endophilin A1 had a small but significant rescue effect on the numbers of spines and total protrusions induced by p140Cap knockdown ( Figure 4A and 4B), overexpression of endophilin A1 had no rescue effects on synapse formation of p140Cap-silenced neurons ( Figure 4A , 4C-4I), suggesting that p140Cap is an important downstream effector of endophilin A1. The small rescue effects on spine morphology may be attributable to the presence of additional effectors downstream of endophilin A1 to regulate spine morphogenesis. Collectively, these results indicate that the endophilin A1-p140Cap pathway regulates spine morphogenesis which is crucial for excitatory synapse formation, and that p140Cap functions downstream of endophilin A1.
To further verify that the interaction between endophilin A1 and p140Cap is required for spine morphogenesis, we mutated six evolutionarily conserved residues (Y299, F301, E308, W327, P340, Y343) in the SH3 domain of endophilin A1 predicted to be important for binding to PRD domains (NCBI/CDD, cd11803) to alanine respectively and tested their binding ability by Co-IP assay in HEK293 cells. Mutation of P340 to alanine enhanced the interaction between endophilin A1 and p140Cap (Supplementary information, Figure S4A ), but this mutant failed to express in cultured neurons. Nevertheless, compared with wild-type (WT) endophilin A1, mutation of Y299 or Y343 to alanine significantly weakened or completely abolished its interaction with p140Cap, whereas mutation of other residues to alanine had no obvious effect (Supplementary information, Figure S4A ). Accordingly, Y299A and Y343A failed to rescue the defects in spine morphology in endophilin A1-silenced neurons (Supplementary information, Figure S4B and S4C). These results are consistent with the notion that endophilin A1 regulates spine morphorgenesis through binding to p140Cap. The BAR domain of endophilin A1 is capable of membrane sensing, membrane binding and bending [28] . Although the ∆BAR fragment of endophilin A1 did not express in mammalian cells, to determine whether BAR domain-mediated membrane association of endophilin A1 is also required for spine morphogenesis, we npg www.cell-research.com | Cell Research cotransfected cultured hippocampal neurons with constructs expressing endophilin A1-shRNA and endophilin A1 mutant (triple point mutation KKK-EEE or BAR-∆H1I) which is less effective in membrane binding and tubulation [28] . Overexpression of endophilin A1 KKK-EEE or BAR-∆H1I had a small but significant rescue effect on spine morphology, but their rescue effects were obviously hampered, compared with endophilin A1 WT Endophilin A1 regulates spine morphogenesis through p140Cap (Supplementary information, Figure S4D and S4E) . Taken together, these results indicate that the regulation of spine morphogenesis by endophilin A1 requires not only binding to p140Cap but also its membrane association.
Endophilin A1 and p140Cap promote dendritic spine stabilization
To explore the mechanistic role of endophilin A1 and p140Cap in spine morphogenesis, we knocked down endophilin A1 or p140Cap in cultured hippocampal neurons and monitored dendritic protrusion dynamics for ~ 30 min by live imaging. In Ctrl-shRNA-transfected neurons, dendrites were predominantly covered with spines which were largely stable with few appearances of new protrusions or loss of existing protrusions ( Figure 5A ). In contrast, dendrites of endophilin A1 shRNA-transfected neurons were mainly covered with filopodia which were highly dynamic with rapid addition and loss, and the dendrites had the ability to form spines and filopodia ( Figure 5A ). The p140Cap-silenced neurons showed similar phenotypes to endophilin A1-silenced ones (Figure 5A ). Quantitative analysis revealed that knockdown of endophilin A1 or p140Cap caused the higher turnover ratio (TOR) of protrusions (> 15% in EENA1-shRNA neurons, > 10% in p140Cap-shRNA neurons versus < 5% in Ctrl-shRNA neurons; Figure 5B ) and resulted in the increased percentage of protrusion formation and elimination, compared with control neurons ( Figure 5C and 5D). Furthermore, the phenotypes in endophilin A1-silenced neurons were fully rescued by coexpression of RNAi-resistant endophilin A1 or p140Cap ( Figure  5E-5H) . Together, these results indicate that the endophilin A1-p140Cap pathway promotes the stabilization of dendritic spines. 
Endophilin A1 regulates actin cytoskeleton reorganization in spine morphogenesis and synaptic function through p140Cap and cortactin
It is well established that spines contain extremely high levels of actin and the actin cytoskeleton plays a pivotal role in the dynamics and morphology of dendritic spines. It was also reported that modulation of actin dynamics by regulatory proteins including WAVE1, Arp2/3 and cortactin drives the morphological changes in dendritic spines that are associated with alteration in synaptic strength [29] . Since p140Cap plays an important function in actin reorganization in dendritic spines, we reasoned that endophilin A1 might modulate the actin cytoskeleton via its interaction with p140Cap. To determine whether endophilin A1 associates with the actin cytoskeleton, we treated HeLa cells expressing GFP-endophilin A1 with Triton X-100 to extract cytosolic proteins and found that while most of the fluorescent signal was lost, some GFP-endophilin A1 remained as dispersedly distributed small granular structures ( Figure 6A and 6B). In contrast, the number of fluorescent puncta was significantly decreased when endophilin A1 was deleted of the SH3 domain (GFP-∆SH3) or partial BAR domain (GFP-F1, aa 172-352) in Triton X-100-extracted HeLa cells ( Figure 6A and 6B). These results indicate that a small fraction of endophilin A1 is resistant to detergent extraction, suggesting that endophilin A1 may associate with the cytoskeleton.
To further characterize possible endophilin A1-cytoskeleton interactions, we examined the effect of latrunculin A, a sponge toxin that binds to globular actin (G-actin) with high affinity and disrupts filamentous actin (F-actin) [30] , on the amount of GFP-endophilin A1 in the Triton X-100-insoluble fraction. While there was no significant change in the total level of GFP-endophilin A1, Latrunculin A treatment caused a decrease in the amount of GFP-endophilin A1 and a concomitant decrease in the amount of actin in the Triton X-100-insoluble fraction ( Figure 6C ). In contrast, nocodazole, a microtubule-destabilizing drug [31] , had no effect on the amount of GFP-endophilin A1 in the Triton X-100-insoluble fraction ( Figure 6D ). These data indicate that a small fraction of endophilin A1 is associated with the actin cytoskeleton in cells. Cortactin is an F-actin-binding protein and an activator of the Arp2/3 actin nucleation machinery [32, 33] . Previous studies show that cortactin downregulation results in spine depletion, whereas its overexpression causes spine elongation [34] . It is also reported that overstimulation of NMDA receptors removes cortactin and thereby collapses dendritic spines, whereas stimulation with neurotrophic factors redistributes cortactin from dendritic shafts to spines to solidify synaptic transmission [35] . As p140Cap is able to regulate cortactin phosphorylation by Src and associate with cortactin in neurons [26, 36, 37] , next we investigated whether endophilin A1 regulates reorganization of the actin cytoskeleton to drive spine morphogenesis and whether cortactin acts downstream of the endophilin A1-p140Cap pathway.
To test whether silencing of endophilin A1 affects F-actin enrichment in dendritic spines, we transfected neurons with construct overexpressing LifeAct-mCherry, an F-actin-binding protein ( Figure 7A ). To quantify enrichment of F-actin in protrusions, we measured the fluorescence mean intensity of LifeAct-mCherry within the center of protrusions and normalized each measurement by the fluorescence signal along the adjacent dendritic shaft. Quantitative results showed that there was about 2-fold decrease in the intensity of LifeAct-mCherry in spines of neurons silenced for endophilin A1 or p140Cap than that in control ( Figure 7B ), indicating a decrease in F-actin enrichment in spines by downregulation of the endophilin A1-p140Cap pathway. Moreover, immunofluorescence staining showed that knockdown of endophilin A1 also caused a decrease in the intensity of p140Cap signals in spines ( Figure 7C and 7D) . Consistently, immunoblotting analysis detected a decrease in p140Cap protein levels in the PSD fraction of endophilin A1-silenced neurons ( Figure 7E and 7F) . Moreover, knockdown of endophilin A1 or p140Cap reduced the protein levels of cortactin and PSD95 but not drebrin, another cytoskeleton regulator, in the PSD fraction ( Figure 7E , 7G-7J). Together, these data indicate that endophilin A1 regulates the distribution of both p140Cap and cortactin in dendritic spines to modulate enrichment of F-actin during spine morphogenesis.
To further determine whether the endophilin A1-p140Cap pathway regulates spine morphogenesis, synapse formation and function through cortactin, we analyzed spine morphology and synapse formation of cultured hippocampal neurons co-transfected with endophilin A1-shRNA and Flag-tagged cortactin expression constructs. The defects in spine morphology and synapse formation indicated by PSD95 or SYP puncta on dendrites of endophilin A1-silenced neurons were fully rescued by overexpression of cortactin ( Figure 8A-8H) . Furthermore, the decreased frequency of mEPSCs induced by endophilin A1 knockdown was also rescued by overexpression of p140Cap or cortactin ( Figure 8I-8K) , indicating that endophilin A1-p140Cap regulates reorganization of actin cytoskeleton through cortactin in spine morphogenesis, synapse formation and synaptic function.
Discussion
Previous studies have established a role of endophilin A1 in the recycling of synaptic vesicles at the presynaptic site. In this study, we have identified a novel function of endophilin A1 in dendritic spines. We show that reduction of endophlin A1 expression causes defects in morphogenesis and stability of dendritic spines. We also demonstrate that endophilin A1 regulates spine morphology through p140Cap, an important regulator of actin remodeling, which plays essential roles in dendritic spine . (F-J) Quantification results of proteins in the homogenates (S1) and in the PSD fraction in E. Statistical test: ***P < 0.001, **P < 0.01, *P < 0.05; one-way ANOVA followed by Dunnett's multiple-comparison post hoc tests. n = 4 independent experiments. morphology and synaptic plasticity. Depletion of endophilin A1 not only causes loss of p140Cap and its downstream effector cortactin from the postsynaptic sites, but also loss of F-actin from dendritic protrusions, indicating that endophilin A1 regulates spine morphogenesis and stability through modulation of actin cytoskeleton reorganization.
Previous studies have revealed multiple mechanisms regulating actin dynamics through p140Cap and cortactin in dendritic spines. It was reported that dynamic microtu-npg www.cell-research.com | Cell Research bules enter dendritic spines and regulate spine morphology through the microtubule plus-end tracking protein EB3, which regulates the turnover of p140Cap in spines, and that overexpression of the p140Cap-binding protein cortactin could rescue spine shape in EB3-depleted neurons [26] . Partitioning-defective 1b (PAR1b), a serine/ threonine protein kinase believed to regulate microtubule dynamics via phosphorylation of microtubule-associated proteins, was also found to play a role in the maintenance of mature dendritic spine morphology and regulate localization of p140Cap in spines [38] . Most recently, it was reported that SNAP-25, a SNARE protein that is essential for exocytosis of synaptic vesicles at the presynaptic site, also regulates spine formation by recruiting and stabilizing p140Cap in dendritic spines [27] . In this study, we have uncovered yet another mechanism regulating distribution of p140Cap and its downstream effector cortactin in dendrites, which adds another layer of complexity to the regulation of actin cytoskeleton remodeling in dendritic spines. It is conceivable that these mechanisms converge on p140Cap and together they provide precise spatial and temporal controls over the morphogenesis and stabilization of the elaborate structure of dendritic spines to ensure functioning of excitatory synapses in mature neurons. Besides p140Cap, the F-actin-binding protein drebrin has also been shown to bind to EB3 and link dynamic microtubules to F-actin in spines to facilitate microtubule polymerization into the spine [39, 40] . Intriguingly, depletion of endophilin A1 did not cause changes in drebrin distribution to dendritic spines (Figure 7 ), indicating that drebrin and p140Cap are regulated through different mechanisms in spines. How these mechanisms are coordinated to regulate the morphology and function of dendritic spines during development remains to be investigated.
Although previous studies have established redundant functions of endophilin A family members in synaptic vesicle recycling at the presynaptic site, our study revealed a novel function of endophilin A1 at postsynaptic site in the later stages of neuronal development. Interestingly, although endophilin A1 shares more than 70% homology with endophilin A2 and A3, knockdown of neither endophilin A2 nor A3 affect spine morphogenesis; consistently, overexpression of neither endophilin A2 nor A3 could rescue the spine morphogenesis defects caused by endophilin A1 knockdown, indicating that their functions at the postsynaptic site do not overlap with each other. Since knockout of individual endophilins in mice generated mild phenotypes, and roles of endophilins in vesicle uncoating have been established through analysis of synaptic structures and functions in double and triple knockout mice, functional redundancy and possible compensatory mechanisms for endophilins at the presynaptic site have been proposed [13] . Nevertheless, further investigation of changes in postsynaptic structures and functions in endophilin A1 knockout mice will help dis- tinguish its role in later stages of neurodevelopment from those of endophilin A2 and A3.
Analysis of mouse brain lysates indicate that protein expression of endophilin A1 increases after birth and stays at high levels throughout neurodevelopment. Given the crucial role of actin dynamics in neuronal morphology not only during spine morphogenesis but also in activity-dependent structural plasticity, and a recently identified function of p140Cap in learning and long-term potentiation/long-term depression using p140Cap-knockout mice [37] , our results raise the possibility that endophilin A1 is also involved in regulation of synaptic plasticity and memory.
Materials and Methods
Ethics statement
Use of animals was approved by the Animal Care Committee of Institute of Genetics and Developmental Biology, Chinese Academy of Sciences.
Constructs
The cDNA fragments for mouse endophilin (EEN) A1, A2, A3 and B1 were amplified from a mouse brain cDNA obtained by RT-PCR and inserted into pCMV-Tag2B and pCMV-Tag3B. Rat endophilin EENA1 cDNA was amplified from a rat brain cDNA obtained by RT-PCR and inserted into pCMV-Tag3B. EENB1 was inserted into pGEX4T-1 or pET-28a (+). pCMV-Tag2B-EENA1, pCMV-Tag3B-EENA1, pCMV-Tag2B-EENA1 F1 (aa 172-352), pCMV-Tag2B-EENA1 F2 (aa 200-352), pCMV-Tag2B-EENA1 F3 (aa 242-352), pGEX4T-1-EENA1, pGEX4T-1-EENA1 ∆BAR ( aa 6-242), pGEX4T-1-EENA1 ∆SH3 (∆ aa 295-346) and pGEX4T-1-EENA1 SH3 (aa 295-346) were constructed with mouse endophilin A1 cDNA using standard molecular biology methods. pCMV-Tag2B-EENA1 ∆BAR (∆ aa 6-242), pCMV-Tag2B-EE-NA1 ∆SH3 ( aa 295-346), pCMV-Tag2B-EENA1 KKK-EEE (mutation K171, K172 and K173 to E), pCMV-Tag2B-EENA1 BAR-∆H1I (∆ aa 1-32 and aa 59-87) and the point mutant constructs of endophilin A1 (299 301 308 327 340 343), were created by site-directed mutagenesis using pCMV-Tag2B-EENA1 as template. EENA1-LentiGFP construct was generated by insertion of mouse EENA1 into the SfiI restriction site of a lenti GFP vector, a generous gift from Dr Xinyu Zhao (University of Wisconsin-Madison School of Medicine and Public Health, Madison, USA [41, 42] ). The shRNA-resistant endophilin A1 expression construct was generated by modifying 5′-GGACTCATTGGACATG-GAA-3′ (nt 384-402 of mouse endophilin A1 coding region) into 5′-GGACTCTCTTGACATGGAA-3′ by site-directed mutagenesis. The shRNA-resistant endophilin A1, F1 and ∆SH3 were amplified by PCR and inserted into mCherryC2 or pEGFPC2 vector. The p140Cap cDNA construct was a generous gift from Dr Casper C Hoogenraad (Utrecht University, Utrecht, the Netherlands). Fulllength p140Cap, p140Cap aa 1-1 051, p140Cap aa 351-1 051, PRD1 (aa 351-677), PRD2 (aa 841-1 059) and CT (aa 1 052-1 217) were amplified and cloned into pCMV-Tag2B. pCMVTag2B-p140Cap ∆PRD1 (∆ aa 351-677), pCMV-Tag2B-p140Cap ∆PRD2 (∆ aa 869-1 051), or ∆PRD1 + ∆PRD2 (∆ aa 351-677 and ∆ aa 869-1 051) were generated by site-directed mutagenesis. Full-length p140Cap was subcloned into pCMV-Tag3B or cloned into mCherryC2 vector. p140Cap aa 841-1 059 was amplified and cloned into pET-28a(+). Full-length mouse cortactin cDNA was amplified from a mouse brain cDNA and inserted into pC-MV-Tag2B. Mouse drebrin aa 1-278 was amplified and cloned into pET-28a (+). The LifeAct-mCherry construct was a generous gift from Dr Evelyne Coudrier (Institut Curie, France).
To prepare shRNA constructs, each shRNA contained a 19 nt target sequence, the sense and antisense strands were annealed, and then the annealing oligos were inserted into pLL3.7.4 between XhoI and HpaI sites. All constructs were verified by sequencing. Target sequences for rat endophilin A1 #1: 5′-GGACTCTTTGGACATGGAA-3′; rat endophilin A1 #2: 5′-GAAGCGACAAGGAAAGATT-3′; for rat endophilin A2 shRNA: 5′-GAACCTGTGTGACAAGGAT-3′; for rat endophilin A3: 5′-GAGCTAAGCTAGGAATGCT-3′; for rat endophilin B1: 5′-GGTGCCAATTACCTACTTA-3′; for rat p140Cap shRNA #1: 5′-GACGTGTACACATCACGCA-3′; for rat p140Cap shRNA #2: 5′-GTCCTGAGTTGGAAGAGAA-3′; for control shRNA, which has no homology to known gene sequences: 5′-GAATGCTCT-TACGATGATA-3′.
Antibodies
Anti-endophilin B1, anti-p140Cap and anti-drebrin antisera were obtained by immunization of rabbit with histidine (His)-tagged full-length endophilin B1, p140Cap (aa 841-1 059) and drebrin (aa 1-278) recombinant protein ex pressed and purified from Escherichia coli, respectively. Antibodies were affinity purified with the antigen immobilized on Amino Link agarose gel beads (Affi-Gel; Bio-Rad Laboratories, Hercules, CA). The following antibodies were obtained from commercial sources: goat anti-endophilin A1 (S-20), endophilin A2 (E-15), endophilin A3 (K-17), mouse anti-SYP (D-4) and mouse anti-cortactin (E-4) (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-endophilin A1 (Synaptic Systems GmbH, Germany); rabbit anti-Myc, rabbit and mouse anti-GFP, rabbit and mouse anti-RFP which recognizes DsRed and mCherry (Medical & Biological Laboratories, Naka-ku Nagoya, Japan); mouse anti-PSD95 (75-028) for immunofluorescence staining (NeuroMab, Davis, CA); monoclonal anti-PSD95 for western blotting (BD Biosciences, San Diego, CA), mouse anti-FLAG M2, mouse anti-α-tubulin and mouse anti-β-actin (Sigma-Aldrich, St. Louis, MO); secondary antibodies for immunofluorescence staining were from Molecular Probes (Invitrogen, Carlsbad, CA). Colloidal gold secondary antibodies for immunoEM were from Jackson ImmunoResearch Laboratories (West Grove, PA).
Cell culture, transfection and viral infection
HEK293T and HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS). Transfections were performed using VigoFect according to the manufacturer's instructions (Vigorous Co., Bangkok, Thailand). Cells were harvested 24-48 h post transfection. For Triton X-100 extraction, HeLa cells cultured on coverslips with or without latrunculin A (0.8 µM) or nocodazole (10 µM) pretreatment for 30 min were washed twice with PBS and incubated in the buffer (4 M glycerol, 25 mM PIPES, 1 mM EGTA, 1 mM MgCl 2 , and 0.5% Triton X-100, pH 6.9) at room temperature (RT) for 5 min [43] , followed by fixation and Primary neuronal cultures from rat hippocampi or cortex were prepared as described previously [44] . Briefly, hippocampi and cortex were dissected from embryonic day 17.5 (E17.5) Sprague Dawley (SD) rat, dissociated with 0.125% trypsin in Hank's balanced salt solution without Ca 2+ and Mg 2+ at 37 °C for 20 min, triturated in DMEM, 10% F12, and 10% FBS. Hippocampal neurons were plated on poly-D-lysine-treated coverslips in 24-well plates at a density of 3 × 10 4 cells/well. Cortical neurons were plated in poly-D-lysine-treated six-well plates at a density of 1.5 × 10 6 cells/ well. The medium was changed to the serum-free Neurobasal (NB) medium supplemented with 2% B27 supplement and GlutaMAX (Gibco, Invitrogen) 4 h after plating.
For neuronal morphology and immunofluorescence staining, neuronal transfections were performed using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen) on 16-17 DIV after plating. Briefly, DNA (1.2 µg/well) was mixed with 1 µl Lipofectamine 2000 in 250 µl NB medium, incubated for 20 min and then added to the neurons in NB at 37 °C in 5% CO 2 for 1 h. Neurons were then rinsed with NB and incubated in the original medium at 37 °C in 5% CO 2 for 4-5 days. For co-transfection, neurons were transfected with 1.8 µg of plasmid DNA consisting of 0.8 µg shRNA plasmid and 1.0 µg of a rescue plasmid or consisting of 0.9 µg shRNA plasmid and 0.9 µg LifeAct-mCherry.
For western blotting, neurons were infected with Lentivirus prepared from HEK293T cells for 4-6 h at DIV 9-11, Neurons were then washed with NB and transferred to the original medium at 37 °C in 5% CO 2 and harvested after 7-9 days.
Preparation of recombinant lentivirus
Lentivirus production was as described previously [42] . Briefly, lentiviral transfer vector, packaging plasmid DNA and envelope plasmid DNA were co-transfected into cultured 293T cells using VigoFect. The medium containing lentivirus was collected 48 h post transfection, pooled, filtered through a 0.22-µm filter, and concentrated at 33 000 rpm for 90 min at 4 °C using a MLA-55 Rotor (Beckman). The virus was resuspended in 400 µl of NB media and incubated overnight at 4 °C and aliquots were stored at −80 °C.
Immunofluorescence staining, image acquisition and analysis
Hippocampal neurons were fixed in 4% paraformaldehyde/4% sucrose in phosphate-buffered saline (PBS) at RT for 15 min, and then permeabilized in 0.4% Triton X-100 in PBS for 10 min. After blocking with 1% BSA in PBS containing 0.4% Triton X-100 for 1 h at RT, neurons were incubated with primary antibodies for 1 h at RT or overnight at 4 °C, and appropriate secondary antibodies conjugated with Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 647 were used for detection. Confocal images were collected using the Spectral Imaging Confocal Microscope Digital Eclipse C1Si (Nikon, Tokyo, Japan) with a 100× Plan Apochromat VC NA 1.40 oil objective. Images were z projections of images taken at 0.15-0.2 µm step intervals. The number of planes, typically 5-7, was chosen to cover the entire dendrite from top to bottom. For structured illumination microscopy, secondary antibodies conjugated with Alexa Fluor 568 were used and images were captured as described by Niu et al. [45] on the Delta Vision OMX V4 imaging system (Applied Precision) with a 60× 1.4 oil objective (Olympus UPlanSApo). Three dimensional images were reconstructed from z stacks using the Surpass Volume mode of the Imaris software (Bitplane AG).
For the morphometric analysis of dendritic protrusions, we used GFP or DsRed as an unbiased cell-fill. Maximum image projections and three-dimensional projections used in spine density calculations were rendered with the NIS-Elements AR software (Nikon) from confocal z-series images. Dendrites of 40-120 µm region from cell body were selected per neuron for analysis. Spine and filopodium density were determined by manually counting and classifying protrusions as "spine" and "filopodium" along a minimum of 70 µm of dendrite per cell and was expressed per 10 µm length of dendrite. Spine length and width were measured as described previously using the measurement tool in NIS-Elements AR software [46] and protrusions were classified based on the ratio of spine head width to protrusion length according to the following ratios: the spine whose width was equal to or more than half the size of its length was defined as standard "spine". The protrusion whose width was smaller than half the size of its length was defined as "filopodia" [26] . For statistical analyses, the lamellipodia-like structures (defined by a protrusion width of > 2.5 µm) or protrusions length > 5 µm were excluded [47] . All morphological experiments were repeated at least three times with an n > 12 for individual experiments.
To quantify PSD95 puncta, the colocalization of SYP with dendrites, the colocalization of endophilin A1 with PSD95 or p140Cap, and the intensity of p140Cap in spines, the DsRed fluorescence was used to label neurons transfected with control, EENA1 or p140Cap shRNA construct. The DsRed-labeled dendrites or spines were outlined manually. The intensity or colocalization was analyzed with the NIS-Elements AR software. Puncta were defined by thresholding images at two times background (staining within the dendritic shaft). Colocalization was calculated with Mander's overlap coefficient. Values for colocalization analysis represent mean ± SEM.
Protrusion motility of dissociated hippocampal neurons was imaged by confocal microscopy using a 100× oil-immersion objective in Nunc Lab-Tek II Chamber Slide (Thermo Fisher Scientific Inc. Waltham, MA, USA). To reduce photobleaching, laser levels were set as low as possible to still permit detection of protrusions, the pinhole was opened to M, and scanning was minimized by taking 0.2-0.3 µm step to create z projections. Images were collected every 2 min for 30-32 min for spine dynamics experiments. For each session, the time between images was chosen to minimize laser exposure of the field while allowing resolution of protrusions. Images were analyzed in z-series images for the formation or elimination of each spine. TOR, the fraction of spines appearing and disappearing between successive imaging sessions, were calculated as TOR = (N gained + N lost )/(2 × N total ). For all analyses, statistical measures were collected from a minimum of three independent experiments.
Western blot and immunoprecipitation
For developmental expression analysis, cerebral cortices were dissected from E14, E16, E18, P0, P7, P21, and 2-month-old mice and rinsed once in ice-cold PBS, pH 7.4. Frozen samples were homogenized in lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100) supplemented with protease inhibitors. 20 µg of protein was loaded in each lane for subsequent western blot analysis.
Immuno-electron microscopy
Tissue preparation and immuno-electron microscopy were conducted as described [50] . Briefly, adult mouse was anesthetized with 2% pentobarbital sodium then perfusion-fixed with cold solution containing 0.4% glutaraldehyde (Cat#16220; Electron Microscopy Sciences, Hatfield, PA), 4% PFA (Cat#157-8, Electron Microscopy Sciences) in phosphate buffer (PB; 0.1 M, pH 7.4). The brain was seperated immediately and immersed in the same fixative for 4 h at 4 °C and then stored in 0.1 M PB buffer. Hippocampus blocks were collected in 0.1 M PB and postfixed for 30 min with 1% osmium tetroxide (OsO 4 ) and rinsed with PB, the blocks were dehydrated with gradient ethanol, infiltrated and embedded with LR White (Cat#14381-UC, Electron Microscopy Sciences), polymerized at 37 °C for 12 h, 42 °C for 12 h and 50 °C for 24 h. Ultrathin sections (70 nm) were collected on 200-mesh nickel grids coated with Formvar membrane, rinsed and blocked with BSA/PB (1% BSA in 0.1 M PB) and incubated with anti-endophilin A1 antibody (1:5) and/or anti-p140Cap antibody (1:10) in BSA/PB overnight at 4 °C, washed and incubated with 12 nm gold Donkey anti-Goat IgG (1:20, Jackson) and/or 18 nm gold Donkey anti Rabbit-IgG (1:15, Jackson). Sections were examined under a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan) and images were captured with a Gatan CCD (4k × 3.7k pixles, USA). An ultrastructure was considered as positive for the protein studied when a minimum of two gold particles (one size or both sizes) was found.
Statistical analysis
All data are presented as the mean ± SEM. GraphPad Prism 5 (GraphPad Software, La Jolla, CA) was used for statistical analysis. The mEPSC data were plotted using IGOR Pro (Wavemetrics, Inc). For two-sample comparisons vs controls, unpaired Student's t-test was used except where noted. Kolmogorov-Smirnoff (K-S) test was used for cumulative distributions. One-way analysis of variance with a Dunnett's multiple-comparison or Newman-Keuls multiple comparison hoc test was used to evaluate statistical significance of three or more groups of samples. P value < 0.05 was considered statistically significant. 
